The D I center is a prominent defect which is detected in as-grown or irradiated SiC. It is unusual in that its intensity grows with heat treatments and survives anneals of 1700°C. It has been assigned recently to either a close-by antisite pair or to the close-by antisite pair adjacent to a carbon antisite. We show here using local density functional calculations that these defects are not stable enough to account for D I . Instead, we assign D I to an isolated Si antisite and the four forms of the close-by antisite pair in 4H-SiC to the a, b, c, and d members of the alphabet series. The assignments allow us to understand the concentration of D I following growth, the recombination enhanced destruction of these alphabet defects and the annealing behavior of the remaining members of the series.
I. INTRODUCTION
SiC has material properties that make it suitable for highpower, high-temperature, and high-frequency applications. However, the slow diffusion of dopants requires alternative techniques for dopant incorporation such as ion implantation. The development of this merits an understanding of the defects formed during irradiation and their ensuring reactions during heat treatments. Of particular interest here is the identity of the center responsible for a prominent luminescent line called D I . This is detected in ion implanted SiC as well as e-irradiated material. The zero-phonon line occurs at 1.972 eV in 3C-SiC; 1 there are one or two possible lines in 4H-SiC at 2.901 and 2.876 eV; 2 while there are three lines in 6H-SiC at 2.625, 2.600, 2.570 eV. 3 One striking property of the defect is that it is extremely thermally stable and heat treatments show that its intensity increases with temperature in the range 1000°C -1700°C in both irradiated material 4 and during growth. 5 Phonon replica lines have been detected. There is one strong and one weak replica in 3C-SiC corresponding to gap modes at 82.9 and 82.1 meV, 1 and in 4H -SiC, there are two gap modes at 82.7 and 83.4 meV. 6 These modes are related to vibrations of Si atoms as their frequencies hardly shift in 13 C enriched material. 7 Zeeman studies suggest an isotropic ͑T d ͒ center in 3C-SiC, but not in 4H -SiC, 8 and photoluminescent excitation studies on 3C-SiC and 4H-SiC show that the transition is due to a deeply bound hole and a shallow electron. This implies that the defect has a deep donor level close to E v + 0.4 eV in 4H-SiC. A defect, HS1, with a donor level at E v + 0.35 eV has been found by capacitance studies and attributed to D I as it has a similar annealing pattern. 4 There have been several suggestions as to the identity of the D I center. These include divacancies 9 and vacancynitrogen defects. 10 Previously we suggested close-by ASPs ͑Ref. 11͒ and this has been supported by subsequent modeling. 6 Recently, a variation of this model was put forward. 12 Here it was argued that the first step is the creation of V Si during growth or irradiation. This defect is not stable and a C neighbor exchanges place with the vacancy producing a close-by pair V C -C Si . The barrier to this movement is 1.7 eV and the reaction is exothermic by 1.9 eV. The next step is the movement of the vacancy one carbon site further away. This process can be described by an interchange of V C with a Si neighbor creating V Si -Si C -C Si . This is then followed by the vacancy interchanging with another C neighbor creating V C -Si C -͑C Si ͒ 2 . This second step proceeds with a barrier of 4.6 eV. The C vacancy is then lost either by migration or trapping an interstitial to yield Si C -͑C Si ͒ 2 which is identified with D I . The authors consider that only the net barrier of 4.6-1.9 or 2.7 eV needs to be overcome to effect the second step but this is not correct for a sequential process and the true barrier is 4.6 eV and is unlikely to occur until high temperatures are reached. Furthermore, the D I center has been found in heat treated low energy e-irradiated SiC where the displacement energy is less than required to form V Si and D I must be formed by a process not involving V Si . In this type of experiment, when the energy of the radiation is less than the Si displacement threshold, we not only expect carbon vacancies and interstitials to be formed, but also Si interstitials and antisite pairs. 11 The Si interstitials and antisite pairs ͑ASPs͒ are thought to be formed by the movement of carbon interstitials during the irradiation process. 11 The mobile carbon interstitial forms a split-interstitial configuration where it shares a lattice site with alternatively C and Si atoms as it moves through the lattice. If it shares its site with a Si atom, there is a possibility that instead of moving, it ejects the Si atom and becomes C Si . The ejected Si interstitial in turn moves through the lattice and could form Si C when the Si interstitial, residing as a split-interstitial at a carbon site, ejects a carbon interstitial leaving behind Si C . We are then left with an ASP together with the original C i . Clearly, the carbon interstitial has catalyzed the production of ASPs and several ASPs could be produced from one interstitial. We remark that some of these processes require a charge state change to be exothermic and can only occur if there is a supply of electrons and holes. 11 The production of ASPs in low energy irradiated material cannot be explained by modeling studies ignoring electronic excitation. 13 In this work we distinguish three types of antisites: isolated antisites, distant-ASPs where the antisites are at least third neighbors, and close-by ASPs where they are nearest neighbors ͑see Fig. 1͒ . The two antisites which make up the pair have very different electronic properties. C Si is electrically inert but produces a tensile strain field. Si C has however a deep donor level close to the HS1 level and is a center with compressive strain. 11 The different types of strain suggest that a family of ASPs might be readily formed and the distant ASPs are believed to be responsible for a set of dense photoluminescent lines called the alphabet series. There are about 12 members of the alphabet series with 40 zerophonon lines around 2.8 eV and all lying within an energy interval of about 0.1 eV. Roughly four lines are associated with each defect and arise from transitions between the ground and excited bound excitonic states. They have similar properties to D I in being due to a deep donor defect and they possess replica lines related to gap phonons. Their annealing properties are however quite different. The lines a, b, c, and d anneal first by 800 C, 14 followed by the others at a higher temperature around 1200 C. 15 Furthermore, the first four, in contrast to the others, disappear at low temperatures under above gap illumination. This remarkable process is believed to occur as a result of the energy produced by the electronhole recombination being efficiently channeled into an annihilation of the a, b, c, and d defects.
14 D I is stable to much higher temperatures and is unaffected by band gap excitation. The a, b, c, and d lines have also been connected with a hole trap detected in capacitance studies labeled HS2 and has a donor level at E v + 0.39 eV. 14 The very different anneal temperatures of D I attributed to a close-by ASP, and the alphabet lines, attributed to more distant ASPs, as well as differences under the photoexcitation question these assignments as it is not expected that distant and close-by ASPs would have such different properties.
Here we shall argue that a better candidate for D I is the isolated Si C . Clearly, this has similar electronic properties to the ASP and hence electronic properties required to explain D I . It also has vibrational modes similar to the close-by ASP. Further, it might be expected to be an isotropic center in 3C-SiC which is consistent with the symmetry extracted from the Zeeman study. 8 Finally, it would be expected to be preferentially formed in SiC grown with a low C / Si ratio which has indeed been reported. 16 As it is much more thermally stable than the ASP, it is likely to be the dominant antisite defect at high temperatures and one wonders where its optical line lies. Clearly, an assignment to D I would remove this difficulty.
II. METHOD
To address these issues we carry out local density functional calculations on defects in 4H-SiC using the AIMPRO code. 17 Details of the method have been described in earlier presentations on SiC. 11, 18 We use 128 atom unit cells with a Gaussian basis of orbitals. The wave function basis for each Si and C atom consisted of a linear combinations of four s and p orbitals with different exponents together with one d Gaussian orbital. The coefficients and exponents were selected to optimize the energy of bulk SiC. The lattice parameter and bulk modulus of 3C-SiC found using this basis are within Ͻ1% of their experimental values. The Brillouin zone was integrated using a 2 3 Monkhorst-Pack scheme ͑MP-2 3 ͒. Atomic relaxations were performed via a conjugate-gradient scheme until the energy change between subsequent iterations of structural optimization became less than 1 ϫ 10 −5 Ha. The nudged elastic band method ͑NEB͒ ͑Ref. 19͒ was used to determine the saddle point for the exchange of Si and C antisites in the close-by ASP.
If R 0 and R N denote the atomic coordinates of the initial and final step in the NEB method, a set of ͑N −1͒ intermediate structures ͓R 1 , ... ,R N−1 ͔-called images-is first generated along the reaction path by linear interpolation between R 0 and R N . A set of springs is added to couple successive images along the path and the forces acting on the images found. The atoms in each image are then moved until the forces vanish. The process can be thought of as placing a stretched elastic band across the configuration energy surface and moving the band until it adopts a minimum energy configuration. In our calculations, we use N = 17. The method successfully reproduces the barrier of 4.3 eV found for the similar concerted exchange process in Si. 20 
III. RESULTS

A. Stability of close-by antisite pair
We first investigate the thermal stability of the close-by ASP. Using the nudged elastic band method we follow the process where the C and Si antisites change places leading to annihilation of the ASP. We find the barrier to this ͑Fig. 2͒ to be about 3.2 eV. Clearly, this is incompatible with the assignment of the close-by ASP defect with the D I center.
In fact, it suggests that the defect is only stable to between 700°C and 800°C assuming the rate at which the defect anneals is given by exp͑−3.2 eV/ k B T͒ with a typical phonon frequency of 10 13 Hz and an annealing time between 60 and 1 minutes, respectively. Clearly, then D I is not a close-by ASP. We suggest instead that the close-by ASPs form the first four members of the alphabet series. There are four forms of the close-by ASP in 4H-SiC. Two are axial centers related to Si C at the k and h sites, and two are nonaxial C 1h defects again related to Si C at k and h sites. While the energy difference between the axial and nonaxial defects is only 0.02 eV when the Si C is at a cubic site the axial form for the hexagonal case is 0.17 eV higher than the nonaxial forms. These relative energies did not change when the k-point sampling was increased to MP-4 3 . It is known that a Si-related replica of b lies at 78 meV and this is in fair agreement with calculated modes of the nonaxial ASP at 77.9 and 81.2 meV. The isolated Si C possesses gap modes calculated to lie at 82.1 meV ͑A 1 ͒ and 83.4 meV ͑E͒ in good agreement with observed modes for D I at 82.7 and 83.4 meV. 6 As it is only the A 1 modes that couple with the luminescence, it is necessary to assume that the E mode is split. This is however to be expected as the highest occupied KohnSham electronic level which lies in the gap has t 2 symmetry in 3C-SiC and e symmetry in 4H-SiC. In the positive charge state appropriate to the bound exciton, these levels are occupied by a single hole. This orbitally induced degeneracy is expected to drive a symmetry lowering Jahn-Teller distortion which would split both levels and vibrational modes. Thus the T 2 and E gap modes of the low symmetry defect will split. The splitting need not be large, ϳ0.8 meV in 3C-SiC, and the departure from T d symmetry in 3C-SiC is not resolved in the Zeeman experiment. However, the gap modes for the close-by ASP ͑see Table I͒ are also close to the experimental values. Now the error of calculated LVMs is typically around 5% while gap modes are only accurate up to around 10%, i.e., ±8 meV. Hence, because the vibronic and optical properties of the isolated Si C and close-by ASPs are so similar, it is difficult to conclude which should be assigned to D I and other properties of the two defects should be considered.
The calculated formation energy of Si C and the close-by ASP are quite different with the former at 4.1 and the latter 5.4 eV ͑see Fig. 2͒ , respectively. These imply that the equilibrium concentration of Si C at high temperatures is much greater than that of the close-by ASP. In fact, the formation energy of Si C gives a concentration of 3 ϫ 10 12 cm −3 at 1750°C and 9 ϫ 10 12 cm −3 at 1850°C, using N HS1 = N Si exp͑−F / k B T͒ with N Si being the density of Si sites of 5 ϫ 10 22 cm −3 , F the formation energy of HS1 and T the growth temperature. In contrast the equilibrium concentration of the close-by ASP would only be ϳ10 10 cm −3 at 1800°C. Now the measured concentrations of HS1 following growth are about 1 ϫ 10 12 at 1750°C and 1 ϫ 10 13 cm −3 at 1850°C. 5 An Arrhenius plot of the two pairs gives an experimental estimate of 6 eV for the formation energy of HS1. 5 The calculated concentrations of HS1 are in good agreement with the measured values, which supports the isolated antisite model. The estimated formation energy of 6 eV may not be reliable due to limited experimental data.
Of course this argument assumes that the growth concentrations reflect equilibrium ones but this could be tested using extended anneals. The important point is that the concentration of the two defects is such that the isolated antisite is favored and, as both defects must possess similar properties, the optical signature of antisites must be dominated by the isolated antisite. We also note that the Si C -͑C Si ͒ 2 defect which also has been previously suggested as a model for D I could be formed by processes involving interstitials rather than the vacancy mechanism discussed above. However, its formation energy ϳ7.3 eV implies concentrations eight orders of magnitude lower than observed for D I during growth.
B. Stability of distant antisite pairs
The possibility of a concerted exchange mechanism for the annihilation of the close-by ASP limits its thermal stability. This is however not the case for distant ASPs and for the isolated Si C and C Si defects. These defects can only anneal by mechanisms involving reactions with mobile interstitials or vacancies. Nevertheless, the e, f, and g centers associated with the alphabet series actually anneal around 1200°C ͑Ref. 15͒ and well below the anneal temperature ͑Ͼ2000°C͒ of D I . 8 This immediately raises a problem as it is not expected that the anneal temperatures of the distant ASPs and the isolated Si C would be so different.
However, we show here that the distant ASP, as well as the isolated Si C , are unstable in the presence of C i while the close-by pair remains stable. Thus the annealing properties of the e-g alphabet lines between 800°C and 1200°C can be understood through interactions of distant ASPs with C i released from interstitial clusters which are known to be evolving at this temperature. However, in contrast to the distant ASP, the isolated Si C can be formed at temperatures greater than 1200°C by reactions V C +Si i → Si C with Si i being released from interstitial aggregates.
Several calculations have shown that C i is a mobile defect with a thermal barrier to motion of around 0.6 eV.
18,22 Thus it is not expected that C i would be stable to temperatures much above room temperature in irradiated SiC. The defect has been tentatively linked with the EI3 electron paramagnetic defect. [23] [24] [25] Clearly, mobile C i is trapped by other defects. In optical studies, especially those carried out in undoped material, a fraction of C i will be trapped by ASPs which are, as we have emphasized, often the dominant radiation induced defects. Those trapped at the C Si end have already been attributed to the P-T family of optical centers in 6H-SiC possessing similar characteristics. 26 These have zero- 25 to an isolated C i -C Si pair is probably inaccurate as there are only three forms of this in 6H-SiC whereas a family of five PL centers has been observed. It is likely that a distant ASP is involved. The additional family members are then attributed to Si C at different distances from C i -C Si . We find that the C i -C Si pair in 4H-SiC has acceptor levels around E v + 2.6 eV and thus attribute the PL to the recombination of a electron trapped in its level with a hole trapped on Si C . Local vibrational modes with AЈ symmetry of the defect are found at 123, 140, and 177 meV. The latter two are close to those detected at 133 meV and 178-180 meV. This supports the assignment of these defects. We note that the presence of six carbon atoms at the core of the carbon antisite end may suggest a more complex splitting of the vibrational modes of 12 C-13 C mixed isotopic samples rather than the observed 1-2-1 splitting of the higher mode and a 1-1 splitting of the lower mode. 26 In agreement with Ref. 27 we find the upper mode in mixed isotopic samples to split into three ͑1-2-1͒ bands and the lower mode into six. Figure 3 shows the density of states of the various isotopic combinations for the lower mode where we find largely two dominant bands in agreement with observation. The difference between the 13 C and 12 C modes is about 5.5 meV in agreement with an experimental shift of 4.5 meV. Since the vibrational amplitude of the 140 meV mode is mainly localized on 3 of the 6 core atoms, isotopic substitution of the remaining three atoms leaves the vibrational frequency almost unchanged. This is the reason why in the mixed isotopic crystal the highest energy line has the highest density of states ͑DOS͒, it results from all the combinations where the three stationary atoms are either 12 C or 13 C and the three moving atoms are 12 C. Therefore for a 13 C concentration of 30% the DOS of the four lower modes is fairly small ͑Ͻ25% for all four͒ and they may not be observed in experiment. However the second intense line at 139 meV is not identical in frequency with the line observed in the case where all C atoms are 13 C ͑13C in Fig. 3͒ . The P-T centers and other C i -related centers like U are affected by anneals around 900°C -1300°C ͑Ref. 26͒ and their transformation would release C i . 22, 25 As this is a mobile center, we can anticipate reactions with ASPs. Now consider the following reactions of the interstitials with distant and close-by ASPs as in C i +Si C -C Si → Si i +C Si , where Si C -C Si represents either a distant ASP or a close-by pair. For neutral defects, the reaction involving the distant ASP is exothermic with an energy release of 1.8 eV but the reaction involving the close-by ASP is endothermic and to enable the reaction, requires 0.5 eV which must be provided thermally. This is a consequence of the large 2.3 eV binding energy in the close-by ASP. Thus distant, unlike close-by ASPs, as well as Si C are not stable in the presence of C i . This explains why the e-g alphabet lines anneal when C i is produced following transformation among interstitial clusters. The Si i produced by the first reaction is not stable. It reacts with C Si as Si i +C Si → C i is highly exothermic by 5.9 eV, or forms larger more stable interstitial clusters. Consequently, a single C i can catalyze the destruction of many distant ASPs. Thus we anticipate a loss of the e-g alphabet lines in a distinct process from the loss of a-d. We can discount annihilation of the P -T defects by complexing with mobile V C , as this defect is immobile at 900°C and is stable to 1500°C. 28 It is observed that D I grows when the e-g anneal and we can understand this occurs by V C trapping Si i released by the above reaction or from the transformation of an interstitial cluster.
It is also known that the first four alphabet centers disappear at room temperature under band gap excitation.
14 Since we identify these with close-by ASPs, one wonders why these defects are annihilated by electron-hole recombination while the other ASPs, and D I are unaffected. This can be explained by the electron-hole recombination energy 3.3 eV is comparable or greater than the energy barrier, estimated to be 3.2 eV above, necessary to annihilate the close-by ASP. Thus the alphabet members beyond d and D I itself are unaffected by photoexcitation.
IV. CONCLUSIONS
In summary, we have found that ͑a͒ the close-by antisite pair is too unstable to account for the D I PL line and we associate the isolated Si C with D I and the HS1 deep donor. The assignment of D I is consistent with the symmetry of the defect in 3C-SiC, a donor level around E v + 0.4 eV, the positions and number of gap vibrational modes and their isotopic shifts with 13 C. The relatively low formation energy of the isolated Si C is quantitatively in agreement with the concentrations of the HS1 defect found in as-grown material. ͑b͒ The four configurations of the close-by ASP found in 4H -SiC match the properties of the a, b, c, and d alphabet lines. These defects are calculated to anneal through a concerted exchange mechanism with a barrier of 3.2 eV in 4H-SiC. Thus they are expected to anneal around 800°C and far below the temperature where D I remains stable. This agrees with reports that a, b, c, and d anneal in the dark by 800°C.
14 Since the barrier to their annihilation is less than the band gap of 4H-SiC, they could also anneal through an electron-hole recombination mechanism at room temperature-as is indeed observed. ͑c͒ Distant ASPs are probably responsible for the remaining members of the family which anneal at higher temperatures around 1200°C through reactions with C i released from C-interstitial clusters. ͑d͒ The isolated Si C , responsible for D I , is not formed at low temperatures in low energy e-irradiated material but would be formed during heat treatments when V C traps mobile Si interstitials. It is likely to be formed thermodynamically at high temperatures in any material as its formation energy is relatively low among intrinsic centers in SiC.
